This study focused on exploring the feasibility of green composites made from biodegradable and renewable materials as potential alternatives to petroleum polymer composites and understanding the reinforcing mechanisms in composites containing kenaf fibers (KF). KF-reinforced poly(lactide) acid (PLA) composites were made using melt compounding and injection molding, and their properties were compared to that of KF-reinforced polypropylene (PP) composites. The flexural properties and thermomechanical behavior were determined as a function of the fiber content, the crystallization of PLA and PP was studied using X-ray diffraction and differential scanning calorimetry, and the composites' morphology was investigated using scanning electron microscopy. It was concluded that PLA exhibits higher modulus and Tg compared to those of neat PP. The modulus of the composites at 40 wt% fibers is 6.64 GPa and 2.96 GPa for PLA and PP, respectively. In general, addition of kenaf results in larger property enhancement in PP due to better wetting of the fibers by the low melt viscosity PP and the crystallization behavior of PP that is significantly altered by the fibers. The novelty of this work is that it provides one-to-one comparison of PLA and PP composites, and it explores the feasibility of fabricating green composites with enhanced properties using a simple scalable process.
Introduction
Increased trend for sustainable and environmentally friendly materials leads the polymer composites academic and industrial communities towards biodegradable polymers from renewable resources such as poly (lactide) acid (PLA) [1] , which recently has become very popular. PLA is an ecofriendly thermoplastic polyester with properties comparable if not better to those of petroleum-based thermoplastics [2] [3] [4] . It possesses relatively high melting point [5] and can exhibit good mechanical performance [6] . PLA-based composites have successfully been made and characterized using various reinforcements including natural fibers [6] [7] [8] [9] [10] , nanomaterials such as carbon nanotubes [11, 12] , graphite [7, [13] [14] [15] [16] , carbon nanofibers [15] , and clays [17] [18] [19] .
Combining PLA with natural fibers, which are abundantly available such as kenaf, jute, or sisal, can lead to a totally green composite made only from renewable resources.
The unique features of natural fibers are the high specific strength and modulus and large elongation at failure [20] , and their low cost ($0.44-$0.55/kg compared to $2.00-$3.25/kg for E-glass fibers) [21] , which make them potential candidates for replacing traditional reinforcements such as glass fibers which are costly and have much larger density. The limitation in the widespread application of natural fibers as reinforcements for polymers is the inconsistency in their properties which depend strongly on the conditions of growth, high moisture absorption [22] , and incompatibility with some polymeric matrices. The approach commonly followed in order to overcome the above limitations is to either surface treat the fibers [23] [24] [25] or add compatibilizers and coupling agents such as maleic anhydride, acetic anhydride, and silanes [26] , which can facilitate better fiber-polymer interfacial interactions and efficient load transfer.
It has been reported [20, 21] that the mechanical properties of PP composites reinforced with natural fibers 2 International Journal of Polymer Science compared favorable to the corresponding properties of PP composites reinforced with glass fibers indicating that natural fibers have great potential to replace glass in composites that do not need to exhibit very high load bearing capabilities. PLA has been proposed as an alternative to engineering thermoplastics mainly PP, but there is lack of studies that show one-to one-comparison of PLA and PP composites.
This study focuses on providing a direct performance comparison between kenaf fiber/PLA and kenaf fiber/PP composites made by extrusion injection molding, which are simple low cost and scalable processes of manufacturing composites without using any special fiber treatment or compatibilizers that add complexity to the process and increase the cost. Furthermore, absence of compatibilizers and use of as-received kenaf fibers will allow to study the fiber-polymer interactions and elucidate the reinforcing mechanisms. PP is an inert nonpolar polymer with no functional groups, whereas PLA is a polyester with carboxyl groups at the ends of the polymer chains. No chemical interactions are expected between the fibers and either of the polymers. The study explores the potential of using totally green composites made from renewable resources in engineering applications.
In conclusion, the novelty of this work is twofold: (i) it provides one-to-one comparison of kenaf-fiber-reinforced PLA and PP composites and (ii) it explores the feasibility of fabricating green composites with enhanced properties using a simple scalable process, that is conventional melt mixing and injection molding, without the need for costly or toxic solvents and chemicals. The importance of the direct oneto-one comparison of the two matrices is that PP is one of the most commonly used thermoplastics in engineering applications, so replacing PP with biodegradable polymers such as PLA can lead to environmentally friendly materials and green technologies.
Experimental

Materials and Fabrication of Composites.
Semicrystalline poly (lactic acid), (PLA 3051D, MW = 1.42 × 10 4 g/mol, melt flow index 7.75 g/10 min) in pellet form was purchased from Nature Works LLC (Minnesota, MN), product code 3051D. Polypropylene powder (Pro-fax 6301, melt flow index 12 g/10 min, isotactic >90%) by Basell was purchased from PolyOne. Kenaf (Hibicus canabinus L.) fibers in the 60-70 mm filament form and a diameter of 0.08-0.1 mm were supplied from Bangladesh. The kenaf fibers were cut at a length of 10 mm and used without further treatment. It is noted that the kenaf fibers are nonwood lignocellulose materials that contain cellulose, hemicellulose, and lignin [27] .
The composites were made by melt mixing the Kenaf fibers with the PLA pellets or the PP powder using a twinscrew (counter corotating) extruder (15 cc, DSM, Netherlands). The screw speed was 150 rpm, the material residence time in the extruder was set to 3 min and the barrel temperature was 180
• C. Specimen coupons were made by injection molding with the temperature of the mold T mold = 75
• C and molding pressure (injection, filling, and packing) of 110 psi. The kenaf fiber content used was 0, 20, 30, and 40 wt%.
Characterization.
The flexural strength and modulus were determined using a three-point bending test, at a strain rate of 0.01/min, according to ASTM D790 using an MTS machine. The specimens were deflected until rupture occurred in their outer surface or until a maximum strain of 5.0% was reached, whichever occurred first. The storage modulus and tan delta of the composites were measured by dynamic mechanical analysis (DMA, Q800, TA Instruments) using nitrogen atmosphere, with a single cantilever mode. A heating rate of 5 • C/min was used. The temperature range was from ambient to 150
• C. The tests were conducted at oscillation amplitude of 0.02 mm and a fixed frequency of 1 Hz. Before each measurement, the instrument was calibrated to have the correct clamp position and clamp compliance.
The morphology of the composites including the dispersion and distribution of the fibers within the polymer and the existence of voids at the fiber/polymer interface was characterized by SEM (S-4700, Hitachi, Japan) at an acceleration voltage of 15-25 kV. The surfaces studied were obtained by cryo-fracture using liquid nitrogen. Prior to the observation, the specimens were coated with Au to prevent surface charging. The effect of kenaf fibers on the crystallization behavior of PLA and PP was studied using X-ray diffraction and differential scanning calorimetry (DSC). In the DSC study, the samples used were 5-10 mg and were heated at 5
• C/min from ambient temperature to 220
• C. The temperature was held at 220
• C for 5 min and then decreased to ambient at a rate of 5
• C/min. The X-ray diffraction patterns of the composites were obtained using a Rigaku Rotaflex 200B diffractometer employing Cu-Ka radiation (k = 1.54056Å) with a curved graphite monochromator. The operating setting of the X-ray was 45 kV and 100 mA. The diffraction patterns were collected from 8
• to 50
• (2 h) at a scanning rate of 1
• /min with divergence and scatter slit of 1/4
• and 1/2 • , respectively.
Results and Discussion
The flexural strength and modulus of kenaf fiber/PLA and kenaf fiber/PP composites as a function of the kenaf fiber content are presented in Figure 1 . First it is noted that PLA has significantly higher strength and modulus compared to those of neat PP or even those of kenaf fiber/PP composites for all fiber contents investigated. The modulus of both polymers increases upon addition of kenaf fibers with the largest improvement, in the order of 300%, achieved in 40 wt% kenaf/PP composites when the modulus enhancement of the corresponding PLA composites is about 120%. Similarly, the relative strength enhancement is higher in the PP composites but PLA composites exhibit larger absolute strength values for all fiber contents investigated. It is also noted that the strength does not increase significantly with fiber content in case of PLA composites whereas in case of PP composites it reaches a plateau at 30 wt% of fibers.
International Journal of Polymer Science The larger property enhancement observed in PP, compared to that in PLA, may indicate better wetting of the kenaf fibers due to the lower melt viscosity (PP has melt flow index of 12 g/10 min compared to 7.75 g/10 min of PLA) of PP and thus stronger fiber-polymer interactions as reported also elsewhere [21] . The mechanism for the enhancement of strength is closely related to the fiber-polymer interfacial interactions and considering that the fiber surface is not treated and no compatibilizers and coupling agents are used; it is expected that the strength will not be improved significantly. In conclusion, the strength in case of kenaf/PP composites is enhanced because the lower viscosity of PP allows for better wetting of the fibers so more efficient contact at the kenaf-PP interface that dominates the stress transfer and thus the strength. In case of PP, the strength reaches a plateau value at fiber content of 30 wt%. This is expected because although no agglomeration was observed by SEM, as the fiber content increases there is more fiber surface that needs to be wetted by the polymer in order to have good contact and sufficient stress transfer, and less polymer that is available to wet the fibers, so the strength should either reach a plateau value or start decreasing upon further addition of fibers. The modulus is increasing in both polymers upon addition of the fibers because kenaf fibers have significantly higher modulus, ∼70 GPa due to the high cellulose content [28, 29] .
The dispersion and distribution of the fibers within the two polymers were studied using SEM. Representative SEM images are shown in Figure 2 . The microstructure of the neat polymers is also shown for comparison. PLA (Figure 2(a) ) appears to be more brittle than PP (Figure 2(b) ). There is significant pull out of the fibers in both PLA and PP composites as shown in Figures 2(c) and 2(d) . The smooth fiber surface shown in Figures 2(e) and 2(f) indicates weak interactions and poor adhesion between the fibers and the polymer matrices for both polymers. However, the strength increased in case of PP composites because as shown in Figure 6 and Table 2 , the fibers act as nucleating agent and promote the nucleation of the less common β phase, which has higher impact strength and toughness providing thus a secondary reinforcing mechanism. Fiber agglomeration was not observed in either of the polymers. In general, besides the more brittle nature of PLA, there were no significant differences in the morphology of the PLA and PP composites. The storage modulus and tan delta of kenaf fiber/PLA and kenaf fiber/PP composites as a function of kenaf fiber content for temperature ranging from −30 • C to 150
• C are shown in Figures 3 and 4 , respectively. For both composite systems, addition of kenaf fibers increases the storage modulus of the neat polymers throughout the temperature regime studied. For constant fiber content, the modulus slightly decreases with temperature for temperatures below the glass transition temperature, T g , of the polymers. T g is defined as the temperature at which the tan delta obtains its maximum value and as shown in Figures 3 and 4 is ∼3-4
• C and 93
• C for PP and PLA, respectively. Corresponding values reported in literature are 0-10
• C for PP [33] and ∼65 • C for PLA [8] . It is noted that the measured value of T g depends on the molecular weight of the polymer, on its thermal history and age, on the measurement method, and on the rate of heating or cooling [34, 35] . In case of PP, the T g values also depend on its tacticity. It is noted that the small shifts in T g of both polymers upon addition of kenaf fibers is of no significance and is typical in semicrystalline polymers where the transition actually occurs over a range of temperatures. At temperatures larger than T g , there is a dramatic steplike drop in the storage modulus of PLA and PLA composites for all fiber contents used, whereas the modulus gradually drops in case of PP and PP composites. It becomes clear that PLA and its composites behave more viscous-like than elastic at higher temperatures. It is noted that the storage modulus of PLA and PLA composites goes through a steplike decrease with temperature, whereas the corresponding decrease in case of PP and PP composites is more gradual. The reason is that the rubbery regime (T m − T g ) of PP is significantly longer.
The effect of kenaf fibers on the crystallization behavior of PP and PLA composites, investigated using DSC and X-ray diffraction techniques, is summarized in Table 1 and Figures  5 and 6 . The degree of crystallinity was calculated using the following equation:
where ΔH
• m is the theoretical crystallization enthalpy of the matrix if it was 100% crystalline. The values used are 93 J/g and 209 J/g for PLA and PP matrix, respectively [1, 36] . Addition of kenaf fibers does not have any significant effect on the degree of crystallinity of PLA or PP as shown in Table 1 . The fibers act as nucleating agent for both PLA and PP as indicated by the change in the crystallization temperature shown in Figures 5(a) and 5(b) , respectively. Specifically, in case of PLA, the crystallization temperature recorded during the heating cycle decreases with fiber content whereas the crystallization temperature recorded during the cooling cycle of PP shifts to higher values with fiber content, both indicating nucleating effect. The results are in agreement with other studies reporting the nucleating effect of kenaf fibers in PP [37] and PLA [38] and the presence of a transcrystalline zone form at the fiber-polymer interface in case of PP [37] . It is noted that PLA does not crystallize during cooling but only during heating [39, 40] . In case of PLA and PLA composites, there is an additional peak present at low temperatures in the heating cycle, which reflects the International Journal of Polymer Science 5 glass transition a phenomenon that is related to the physical aging of the polymer matrix. Such a peak is absent from the heating curve of PP and its composites because the T g is below the temperature regime used in the DSC study. The other peaks present in the heating cycle of PLA and PLA composites are (i) the cold crystallization peak observed near the onset of melting at ∼113
• C for the neat PLA, that decreases to 98
• C and 92
• C for 20 and 40 wt% kenaf fiber content, respectively, and (ii) two melting peaks for the PLA composites which in absence of kenaf fibers they merge into one at ∼147
• C. Presence of two melting points is attributed to size distribution of crystalline lamella if the melting points are not produced due to the matrix polymorphism.
Furthermore, there is a significant change in the melting behavior of PLA due to the presence of fibers, as shown in Figure 5 (a). The single melting peak observed at ∼150
• C in case of neat PLA is shifting at lower temperatures upon addition of fibers, and a second minor peak appears in the 135-140
• C range. Both peaks shift to lower temperatures as the fiber content increases. The second peak may correspond to either a different PLA crystal type formed only in presence of the fibers, a hypothesis that will be tested based on X-ray analysis or maybe due to melting of the transcrystalline zone or recrystallization. The peak temperatures are presented in Table 2 .
The effect of the kenaf fibers on the crystallization behavior of the PLA and PP was also studied using X-ray diffraction as shown in Figures 6(a) and 6(b) , respectively. The diffraction pattern of neat fibers (curve A) is also shown for comparison. As shown in Figure 6 (a), there is only one broad peak with maximum at 2θ = 16.54
• for PLA that remains unaffected upon addition of kenaf fibers. The second peak at ∼21.7 • , that is, present in case of the PLA composites corresponds to the kenaf fibers. It is noted that the intensity of this peak increases with the fiber content.
The characteristic XRD peaks and the corresponding crystallographic planes for PP and kenaf fiber/PP composites are presented in Table 3 . The crystalline forms of isotactic PP are α-monoclinic which is the most commonly observed, β-hexagonal, which occurs under specific conditions that is, temperature gradients, shearing forces or β-nucleating agents, and γ-triclinic, which is the least common observed in low molecular weight PP [30] . As shown in Table 3 , the peak at 2θ = 16
• , which is one of the two characteristic peaks, which corresponds to the <300> plane, of the β-form crystals is only present in the diffraction pattern of the PP composites. The second peak of the β-phase at 2θ = 21
• , that corresponds to the <301> crystallographic plane, although present, it cannot be clearly detected due overlapping with a peak at the same angle of the α-phase at 2θ = 21
• . Thus, it is concluded that kenaf fibers promote the nucleation of the less common β-phase crystals which have higher impact strength and toughness [41] providing thus a secondary reinforcing mechanism. The thermogravimetric analysis for PP and PLA composites as a function of the kenaf fiber content is presented in Figures 7 and 8 , respectively. The temperature scale starts from 150 • C to allow higher resolution of the temperature range we are interested in. No weight loss was observed below this temperature indicating that there was no water absorbed in the kenaf fibers. The main decomposition peak for PP was found at ∼448
• C, which in presence of kenaf fibers shifted slightly to higher temperatures. There are two additional peaks in the thermogram of the kenaf fiber/PP composites in the range of 270-290
• C and 340-360
• C that correspond to the decomposition of the hemicellulose and cellulose components in the kenaf fibers, respectively. The obtained TGA results are in agreement with results reported elsewhere [25] .
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Conclusions
Kenaf fiber/PLA and kenaf fiber/PP composites were made by melt mixing and injection molding, and their flexural and thermomechanical properties were determined as a function of the fiber content. It was found that the PLA has higher flexural strength, and modulus and higher storage modulus compared to PP. The same trend was observed for the PLA and PP composites although the addition of fibers resulted in larger property enhancement in case of PP. The improvement in the flexural modulus, flexural strength and storage modulus of PP at ambient temperature due to addition of 40 wt% kenaf fibers was ∼260%, 50%, and 134%, respectively, whereas the corresponding enhancement of properties for PLA was 118%, 4%, and 64%, respectively. This large property enhancement indicates more favorable interactions between the fibers and the PP chains, which are a result of the lower melt viscosity of PP compared to that of PLA and lead to better fiber wetting. It was found that kenaf fibers act as nucleating agent for both polymers. The basic conclusion and major finding of the XRD analysis is that kenaf fibers promote the nucleation of the less common β crystal phase in case of PP which, however, has higher strength and toughness than the most commonly occurring α phase crystals providing thus a secondary reinforcing mechanism (in case of PP). Morphological study based on SEM did not indicate any significant differences in the dispersion and distribution of the fibers within the two polymers and did not show any difference in the fiber pull out that reflects the interfacial adhesion between the two composite systems.
